C raniosynostosis is a condition in which one or more of the calvarial sutures fuses prematurely. The overall incidence of craniosynostosis is estimated to be 1 out of 2500 live births. Most commonly, craniosynostosis is considered to be idiopathic and not associated with a genetic syndrome (Crouzon or Apert), a metabolic disease (Rickets or hyperthyroidism), or secondary to another process (shunted hydrocephalus). Craniosynostosis of the coronal sutures makes up approximately 25% of cases.
object Craniosynostosis is a condition in which one or more of the calvarial sutures fuses prematurely. In addition to the cosmetic ramifications attributable to premature suture fusion, aberrations in neurophysiological parameters are seen, which may result in more significant damage. This work examines the microstructural integrity of white matter, using diffusion tensor imaging (DTI) in a homogeneous strain of rabbits with simple, familial coronal suture synostosis before and after surgical correction. methods After diagnosis, rabbits were assigned to different groups: wild-type (WT), rabbits with early-onset complete fusion of the coronal suture (BC), and rabbits that had undergone surgical correction with suturectomy (BC-SU) at 10 days of age. Fixed rabbit heads were imaged at 12, 25, or 42 days of life using a 4.7-T, 40-cm bore Avance scanner with a 7.2-cm radiofrequency coil. For DTI, a 3D spin echo sequence was used with a diffusion gradient (b = 2000 sec/mm 2 ) applied in 6 directions. results As age increased from 12 to 42 days, the DTI differences between WT and BC groups became more pronounced (p < 0.05, 1-way ANOVA), especially in the corpus callosum, cingulum, and fimbriae. Suturectomy resulted in rabbits with no significant differences compared with WT animals, as assessed by DTI of white matter tracts. Also, it was possible to predict to which group an animal belonged (WT, BC, and BC-SU) with high accuracy based on imaging data alone using a linear support vector machine classifier. The ability to predict to which group the animal belonged improved as the age of the animal increased (71% accurate at 12 days and 100% accurate at 42 days). coNclusioNs Craniosynostosis results in characteristic changes of major white matter tracts, with differences becoming more apparent as the age of the rabbits increases. Early suturectomy (at 10 days of life) appears to mitigate these differences.
mined by which suture has prematurely closed. Virchow's law states that growth of the skull is typically restricted perpendicular to the fused suture and enhanced parallel to it. 12 In some cases, the restricted skull may not provide enough space for the growing brain, resulting in clinical manifestations of increased intracranial pressure (ICP), such as visual impairment, headaches, or an impairment of mental development with a significant reduction in IQ.
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Studies in humans have shown that children with untreated craniosynostosis demonstrate delays in cognitive and psychomotor development. 20, 29 The prevalence of elevated ICP has been estimated to be as high as 20% in singlesuture synostosis 36 and up to 60% in multisuture synostosis. 31 If left uncorrected, the resulting deficits can be permanent and functionally devastating. Craniosynostosis treatment therefore has 2 aims: to restore a more normal head shape and to mitigate the risk posed by elevated ICP. Surgical correction is often performed in the 1st year of life, which leads to excellent cosmetic results and allows for unrestricted brain growth.
In addition to the cosmetic ramifications attributable to premature suture fusion, aberrations in neurophysiological parameters are seen, which may result in secondary brain injury. Along with increased ICP, 13, 14, 18, 22, 28 abnormal cerebral blood flow 10, 11, 32 contributes to potential white matter injury in craniosynostosis. Such damage manifests as structural and physiological impairments in cortical connectivity. Conventional MRI is able to detect the structural changes noninvasively, but only in a qualitative fashion and only after potentially irreversible damage has been done.
Diffusion tensor imaging (DTI), widely used to investigate tissue pathology and morphology, is based on characterizing the anisotropic diffusion of water to probe tissue microstructure. In the central nervous system, DTI has the ability to detect the direction of white matter fiber tracts and map neuronal connectivity. Quantitative diffusion information, such as fractional anisotropy (FA), can also be used to assess various neurodegenerative disorders involving white matter injury. Deviation, disruption, and edema of white matter tracts result in alterations of the FA and other parameters. 37 Importantly, FA also correlates with neurocognitive function. 4 DTI may likely be more sensitive than conventional structural MRI to white matter aberrations. Although DTI is a useful tool for probing brain pathophysiology, the literature is sparse regarding changes in DTI-based parameters in the developing brain with craniosynostosis, which predispose to chronic (often occult) ICP elevations.
The present study was undertaken to use DTI to study the age-related microstructural integrity of white matter in a homogeneous strain of rabbits with simple, familial coronal suture synostosis before and after surgical correction and to compare these values with age-matched wildtype control rabbits. This model allows the investigation of white matter in untreated and treated craniosynostosis from the early onset until a time when brain growth is complete. We investigated the hypothesis that aberrations in white matter integrity and functional connectivity exist in craniosynostosis and that surgical repair can result in normalization of these abnormalities.
Methods

Animal Model
This study used a breeding colony of New Zealand white rabbits with naturally occurring coronal suture synostosis. 13, 14, 22, 25, 27, 28 All rabbits were born and maintained in the vivarium at the Department of Anthropology, University of Pittsburgh, and housed in stainless steel cages with access to food and water ad libitum. Rabbits were housed with mothers and littermates up to the time of the experiment. Approval by the University of Pittsburgh Institutional Animal Care and Use Committee was obtained.
Synostotic rabbits were initially diagnosed at 10 days of age using previously described criteria. 13, 14, 25, 27, 28 Briefly, coronal suture morphology was assessed, and the degree of coronal suture mobility was ascertained. Rabbits with dysmorphic but patent coronal sutures and limited mobility were diagnosed with delayed-onset synostosis and were omitted from the study. Rabbits with bilaterally fused coronal sutures with no mobility were diagnosed with earlyonset coronal suture synostosis (BC) and were included in the study (Fig. 1) .
Removal of the coronal suture (BC-SU) occurred immediately after diagnosis of synostosis in a subset of the animals. The coronal suture was removed by drilling 2 mm anterior to and 2 mm posterior to the suture for the length of the affected suture. A 4-mm × approximately 20-mm piece of the skull was removed (Fig. 2) . The skin of the head was sutured, and the rabbit was monitored during recovery. Rabbits were given Baytril at a dose of 2 mg/kg twice a day subcutaneously and buprenorphine at a dose of 0.02 mg/kg subcutaneously immediately after surgery and for 2 days postoperatively. The scalp incision was monitored daily, and the sutures were removed at 20 days of age. At specific time points, rabbits were killed, and the heads were fixed with paraformaldehyde.
Rabbits were randomly assigned into the following experimental groups: wild-type control rabbits (WT) at or near 12 days of age (n = 5); BC rabbits at or near 12 days of age (n = 4); BC-SU rabbits at or near 12 days of age (n = 5); WT rabbits at or near 25 days of age (n = 4); BC rabbits at or near 25 days of age (n = 5); BC-SU rabbits at or near 25 days of age (n = 5); WT rabbits at or near 42 days of age (n = 5); BC rabbits at or near 42 days of age (n = 4); and BC-SU rabbits at or near 42 days of age (n = 5).
MRI Protocol
MRI studies were performed using a 4.7-T, 40-cm bore Avance-AV system (Bruker), equipped with a 12-cm-diameter shielded gradient insert and a 72-mm-volume radiofrequency coil. The DTI experiments were performed on the fixed heads using a 3D spin echo diffusion-weighted sequence with a diffusion gradient time (d) of 8 msec and a delay between diffusion gradients (D) of 16 msec. Images were acquired at TR 1200 msec, TE 32 msec with a 256 × 192 × 192 matrix, and a field of view of 51.2 × 51.2 × 51.2 mm. Six noncollinear diffusion directions were collected with a b-value of 2000 s/mm 2 and one with no diffusion weighting.
Data Analysis
Images were processed using ParaVision (version 5.1, Bruker Biospin), and DTI data were analyzed using DSI studio (http://dsi-studio.labsolver.org/) for tractography and quantitative diffusion parameters: apparent diffusion coefficient (ADC), FA, axial diffusivity (AD), and radial diffusivity (RD). For each subject, a 3D region of interest (ROI) was drawn within each hemisphere for the anterior commissure, corpus callosum, cingulum, fimbriae, and internal capsule. ROIs were drawn by a single observer and were assigned using a rabbit brain atlas. 33 For the BC and BC-SU groups, deviations from normal anatomy did not impede ROI assignment. For consistency between subjects, several image contrast mechanisms (T 2 -weighted image, FA map, ADC map, and diffusion tensor directionally encoded color map) were used to define the boundaries for each ROI.
Statistical Analysis
Average FA, ADC, AD, and RD values were computed for each anatomical region per animal and overall within each group. Values are expressed as means ± SD. DTI parameters were compared among the animals belonging to each group and age. Significant differences were assessed using 1-way ANOVA with the aid of MATLAB software (MathWorks). Differences were considered significant at a level of p < 0.05.
Predictive studies examining whether DTI parameters can predict group membership at each age were performed using a linear support vector machine (SVM) classifier. If the set of DTI parameters for each animal are thought to represent a point in a multidimensional space, then 1 point in the space represents each animal. A linear SVM classifier seeks to find a hyperplane in the multidimensional space that draws a linear boundary between the points in each class. Individual classification was performed using a one-vs-one linear SVM with fixed parameter c = 1 utilizing the LIBSVM package in MATLAB (http://www.csie. ntu.edu.tw/~cjlin/libsvm/). Classification accuracy was determined by 5-fold cross-validation. Statistical significance of the SVM classifier was determined by permutation testing (200 tests).
Results
Tractography
Representative images of the white matter fiber tracts from WT, BC, and BC-SU rabbits at 42 days of age are shown in Fig. 3 . BC rabbits appear to have fewer coherent fibers than WT rabbits, particularly in the corpus callosum and cingulum, which is somewhat restored after surgical correction in the BC-SU rabbits.
Fractional Anisotropy
Mean FA values for each group for the corpus callosum, cingulum, and fimbriae are shown in Fig. 4 . No significant difference in mean FA was found for the anterior commissure and internal capsule; therefore, plots are not shown in Fig. 4 for these ROIs. Mean FA increased with age in the corpus callosum, cingulum, and fimbriae, and within each age group, mean FA values for BC rabbits were significantly lower than WT animals and BC-SU rabbits (p < 0.01, except for the corpus callosum at 25 days old p < 0.05; Fig. 4) . Suturectomy returned the FA values to level of the WT rabbits. Figure 5 shows the mean ADC values for each age group and for the 3 tracts that displayed any differences between the WT, BC, and BC-SU groups (the corpus callosum, cingulum, and fimbriae). A significant increase in ADC was observed in the cingulum and corpus callosum of BC rabbits versus WT and BC-SU for both the 25-and 42-day-old age groups (p < 0.01). There were no differences seen in any of the 12-day-old rabbit white matter tracts or in the fimbriae of the 25-and 42-day-old animals. Again, there were no differences observed between WT and BC-SU animals. 
Apparent Diffusion Coefficient
Radial and Axial Diffusivity
RD values decreased with increasing age (Fig. 6 ). Significant differences were again only seen in the 25-and 42-day-old rabbits. RD was significantly increased in the corpus callosum, cingulum, and fimbriae of BC animals when compared with WT and BC-SU rabbits. The 12-dayold rabbits showed no significant differences in any of the ROIs studied.
AD was also compared between groups, but there were no significant differences seen between the WT, BC, and BC-SU rabbits for each age group and all ROIs.
Individual Classification
Blind prediction of each animal into WT, BC, and BC-SU using the DTI data alone was performed using a linear SVM classifier. We were able to reliably identify animal categories with increasing accuracy as the number of days after the surgery increased (64% at 12 days and 87% at 42 days; Table 1 ). Classification accuracy increased when only the DTI data from significant regions (corpus callosum, cingulum, and fimbriae) were analyzed (71% at 12 days and 100% at 42 days; Table 2) .
It was not possible, however, to reliably identify WT versus BC/BC-SU animals even as more days elapsed following surgeries (Table 3) , but it was possible to distinguish between BC-SU versus BC animals (Table 4) , as well as WT/BC-SU versus BC animals with high accuracy and reliability (Table 5 ). The interrater agreement of the linear SVM classifier and known class labels for the WT, BC, and BC-SU groups was assessed using the Cohen's kappa statistic. Cohen's kappa corrects for agreement by chance, making it a more robust measure of agreement over simple percent agreement. A kappa value of 1 indicates perfect agreement, whereas a kappa value of 0 is agreement equivalent to chance.
discussion
Using a well-established rabbit model of naturally occurring craniosynostosis, this study shows that water dif- fusion anisotropy in major white matter structures in the brain is significantly altered with uncorrected craniosynostosis. Furthermore, we demonstrated that early surgical correction mitigated adverse changes in the white matter tissue microstructure, with no statistically significant differences found in quantitative DTI parameters between surgically corrected and age-matched control animals. This study adds new evidence to the existing sequelae of craniosynostosis in the rabbit model, including decreased brain growth 5 and intracranial volume, 6 surface cortex blood flow anomalies, 16 and hyperactivity with early reflexive behavior in the early stages of life.
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It is known from past studies that simple coronal suturectomies were not able to completely normalize craniofacial growth, 25 cranial base shape, 30 intracranial volume, 6 or decrease ICP 22 in rabbits from this colony. This was due in part to very rapid reossification of the suturectomy site by 42 days of age (Fig. 7) . Adjuncts that prevent or delay postoperative reossification of the suturectomy site have all been shown to significantly improve and normalize these parameters. 7, 23, 24, 26 However, our results suggest that a completely normal head shape in the rabbits is not absolutely required to normalize DTI findings.
Our DTI data were obtained on fixed brains from rabbits at different ages and experimental groups to facilitate 3D DTI with high spatial resolution. Several studies have directly compared in vivo and ex vivo DTI measurements to show that water diffusion anisotropy is preserved in fixed tissues despite a 2-to 3-fold decrease in overall water diffusion. 9, 19, 35, 38 Temperature may partially explain a reduction in water diffusion rates since data are generally acquired at lower temperatures in fixed tissues (e.g., 20°C) compared with normal physiological condition (37°C); however, tissue fixation and its influences on DTI measurements can be complex and caution is always warranted when drawing conclusions about live tissue from ex vivo findings. For example, elapsed time between death and tissue fixation has been shown to have deleterious effects on DTI-derived parameters and tractography. 8 Zhang et al. found no difference between live and ex vivo FA values from control mice; however, in mice with cuprizoneinduced demyelination, in vivo and ex vivo measured FA values were not in agreement. 38 In our study, tissues were formalin fixed immediately postmortem to best preserve the tissue microstructure, and we expect the observed group differences to be valid in the absence of any confounding pathology. In this study each animal was individually analyzed and we did not perform any rigid alignment or deformation-based morphometry to register animals to a common reference space. ROIs were drawn for each anatomical feature with guidance from a normal rabbit brain atlas. Every attempt was made to minimize the effect of morphological distortions in the brain due to craniosynostosis, by using a single observer and multiple image contrast mechanisms to define the ROI boundaries. The directionally encoded color map provided the best reference for white matter tract boundaries. It is possible that there was inclusion of unwanted voxels in the ROIs that could affect the results; however, the observed group differences should be valid since any methodological bias would be consistent across groups. Also, due to the small number of animals reviewed, some variation in response may be unique to the individual animal or may not be captured in using the group representative animal. Despite these limitations, this study is an example of an application of a noninvasive imaging modality that could provide insight into the anatomical etiology of the neurodevelopmental deficits seen in patients with craniosynostosis.
The utility of DTI-based biomarkers has been studied in other pediatric conditions. Studies have been published regarding DTI changes in children with increased ICP due to hydrocephalus. In these studies, decreased FA was seen in the periventricular white matter (e.g., corpus callosum) in patients with hydrocephalus compared with controls. Importantly, normalization was shown in these patients with successful hydrocephalus treatment. 1, 2 However, there is sparse literature regarding changes in DTI-based parameters in other conditions, such as craniosynostosis, which predispose to chronic (often occult) ICP elevations. Florisson et al. published a case series in which DTI revealed significant white matter integrity differences between syndromic children with craniosynostosis and healthy controls. 15 The results of this study are not widely generalizable, as children with syndromic craniosynostosis constitute only a small fraction of craniosynostosis cases surgically treated at most craniofacial centers. In addition, children with syndromic craniosynostosis have The application of DTI to the craniofacial spectrum is still developing. We hope that our animal model study will serve as a background from which further human clinical studies will be formulated. Ultimately, DTI may allow for noninvasive determinations of white matter structural integrity and provide important data on functional connectivity in craniosynostosis. This study gives evidence that early craniosynostosis repair mitigates changes observed in the white matter structure of untreated animals. Further studies with the rabbit model will investigate if the timing of the surgery impacts the radiological findings. Whether this same pattern is seen in humans remains unknown. Ultimately, these imaging data will have to be coupled with neuropsychological testing to determine the ideal timing and technique for craniosynostosis repair for the optimal growth and development of the child.
Conclusions
Bilateral coronal craniosynostosis results in decreased water diffusion anisotropy of major white matter tracts, with differences becoming more apparent in older rabbits. This implies that craniosynostosis significantly affects the white matter tissue microstructure. These changes were mitigated in rabbits that underwent early suturectomy, providing evidence that suturectomy preserves white matter integrity compared with untreated craniosynostosis. 
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